
J Biomed Phys Eng 2023; 13(2)

Investigation the Performance Accuracy 
of Contoured Dual Ring Double Scatterer 
System for Flat Beam Generation at Proton 
Therapy

Ahmad Esmaili Torshabi (PhD)1* , Rouhollah Ghasemkhani (MSc)1

1Faculty of Sciences and 
Modern Technologies, 
Graduate University of 
Advanced Technology, 
Kerman, Iran

*Corresponding author: 
Ahmad Esmaili Torshabi
Faculty of Sciences and 
Modern Technologies, 
Graduate University of 
Advanced Technology, 
Kerman, Iran
E-mail: 
ahmad4958@gmail.com
Received: 3 February 2020
Accepted: 12 April 2020

Introduction

In recent years, proton beam has been recognized as effective thera-
peutic beam for cancer treatment due to its Bragg curve properties, 
resulting the significant damage onto cancerous cells and keeping 

normal tissues safe against additional high dose, especially for Organ at 
Risk (OAR) located at beyond the tumor [1-4]. This strategy is accord-
ingly implemented mainly for tumors located at deep parts of patient 
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quantitatively.
Material and Methods: In this analytical study, Monte Carlo FLUKA code 
is utilized to simulate the performance of proposed system in generating lateral flat 
beam. The simulation process is very close to real experimental condition, performed 
at proton beam irradiation room at Tohoku University in Japan. Moreover, the pres-
ence of secondary neutrons, produced due to protons collision with proposed scatter-
ing system, is considered as main issue. 
Results: Final results represent that the proposed scattering system is robust to 
generate 40 mm flat region with an acceptable uniformity degree. Energy loss caused 
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tering system. Final results show that there is a close correlation between proposed 
system and current scattering system. The only concern is about the presence of sec-
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body. In general, the implementation of radio-
therapy consists of two main components: 1) 
tumor delineation and localization, 2) beam 
line preparation and prescribed dose deliv-
ery. The latter component is highly important 
while the therapeutic beam must be aligned 
with tumor volume as well [5-9]. 

In fact, at proton radiotherapy, the pencil 
beam extracted from accelerator exit window 
is not applicable in its initial form and the 
beam shape and energy must be modified by 
means of appropriate instruments to spread 
proton particles according to tumor lateral size 
and to shift beam range based on tumor posi-
tion. In other word, these devices are respon-
sible to provide 3D uniform dose onto tumor 
volume transversely and in depth versus beam 
emitting direction. To do this, there are two 
common available delivery strategies known 
as active and passive techniques [9-19]. 

In active or spot scanning techniques, the 
pencil beam is directly employed to deliver 
uniform dose onto tumor volume, three di-
mensionally. For this aim, an available beam 
wobbler system, including dual magnets is 
implemented to deflect the beam direction 
horizontally and vertically sweep it across the 
tumor, layer by layer against beam propaga-
tion [10]. During treatment planning process, 
the tumor volume is assumed to be divided 
into several virtual layers. Then, each layer 
is swept by pencil beam from distal part to 
proximal part of tumor versus beam propaga-
tion direction. By this strategy, the total vol-
ume of tumor receives the uniform prescribed 
dose, three-dimensionally. It should be noted 
that transferring the Bragg peak from one vir-
tual layer to the next layer is performed using 
proper range shifter with pre-defined thick-
nesses made by plastics. Moreover, in this 
technique, the beam irradiation time of proton 
beam at each spot is variable and calculated 
using treatment planning computer systems to 
finally result 3D uniform dose throughout tu-
mor volume [11-13]. 

In passive technique, the required passive 

tools are placed in front of therapeutic proton 
beam between exit window and patient body 
in order to provide proper 3D uniformity at 
both longitudinal and lateral directions [14-
16]. Since, passive beam delivery technique 
is applicable clinically; designing and inves-
tigating the performance of scattering systems 
are still considered as challenging issue.

For longitudinal uniformity, the therapeutic 
beam must be modulated in depth using Spread 
out Bragg Peak (SOBP) technique. One of 
most common available passive tool for this 
aim is ridge filters that can be constructed at 
different shapes and dimensions [16]. By this 
method, proper uniformity is obtained to cov-
er tumor volume in depth direction.

Apart from SOBP and longitudinal treatment 
region, for lateral flattening, the narrow pencil 
beam is firstly broadened and then is convert-
ed to uniform beam (with reasonable flatten-
ing degree) by means of passive devices, dedi-
cated for this aim [17-21]. This uniform beam 
provides lateral treatment region and finally 
is collimated according to transverse dimen-
sion of each tumor, on a case by case basis. 
In practical, two techniques are implemented 
to make proper flattering in transverse direc-
tion perpendicular to beam propagation: 1) us-
ing single scatterer in combination with beam 
wobbling system 2) using double scatterers 
technique. The latter case is sub-divided into 
two methods: 1) Contoured Double Scatterers 
and 2) Ring Based Double Scatterers. 

Several research works have been done on 
the performance of various instruments for 
providing lateral flattening regions, ranging 
from their designs to simulations and fabri-
cations. At our last work, a comprehensive 
assessment was done on the design and fab-
ricating a contoured compact dual scatterers 
applicable at Rotating Gantry system in Cy-
clotron and Radioisotope Center (CYRIC) at 
Tohoku University in Japan [20-22]. In this 
work, we are interested to design and simulate 
another version of scattering system entitled 
dual ring double scatterer as an alternative to 
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be implemented for proton beam line. There-
fore, there is a major requirement to quanti-
tatively investigate the physical properties of 
this instrument ranging from secondary’s pro-
duced by irradiating primary beam to its per-
formance accuracy in the frame of a compara-
tive study with contoured double scatterer. 
In this work, we assessed the performance of 
both double scattering systems, comprehen-
sively taking into account the advantages and 
weakness points of each system while no eval-
uation has been done for a long time of period. 

Due to this lack of information, our main fo-
cus in this work is on the concept of lateral 
uniformity provided by passive beam delivery 
strategy, comprehensively. We investigate the 
length of flat treatment region that must cover 
tumor volume in its transverse direction with 
proper uniformity degree. Furthermore, the 
energy loss of protons caused by scattering 
systems is also attractive to be investigated. 
By inserting scattering systems in front of 
beam line in proton therapy, due to the inter-
action of protons with different components of 
scattering system, some concerns raise due to 
high energy secondary neutrons that must be 
taken into account, seriously in the context of 
whole body dose. Therefore, secondary neu-
trons produced by this scattering system are 
considered as one of the main challenging is-
sues in this work [23-24]. 

To do these aims, a validated Monte Carlo 
FLUKA code is utilized to simulate the perfor-
mance of proposed double scattering system 
[25-30]. It should be noted that the simulation 
process is very close to real experimental con-
dition at proton beam room in CYRIC center 
at Tohoku University in Japan to mimic real 
condition [20-22] and final results represent 
that the scattering system is robust to generate 
flat region in lateral direction.

Material and Methods
This analytical study illustrates the perfor-

mance of new proposed double scattering sys-
tem by considering to another available scat-

tering strategy, in a comparative study.

Single scatterer with wobbling 
system

While irradiating using horizontal beam 
line, lateral homogeneous dose is generated 
using two common strategies: 1) single scat-
terer with wobbling system 2) double scat-
terers. Figure 1 shows a schematic layout of 
wobbling system in combination with single 
scatterer for flat beam generation. As seen in 
the Figure 1, two magnets are employed to de-
flect pencil beam to each given position. Then, 
a thin foil made by metal with high atomic 
number acts as scatterer to finally produce flat 
beam. Finally, a collimating system is imple-
mented to stop peripheral protons distributed 
non-uniformly around flat treatment region.

Double scattering systems
In the second strategy, double scattering sys-

tem includes two scattering sub-systems. This 
system can be fabricated in two basic methods 
which are: 1) compensated contoured double 
scattering methods (Figure 2, upper part) and 
2) dual ring double scattering (Figure 2, lower 
part) methods.

The upper part shown is the Figure 2 was 
assessed formerly at our last study [22]. In 
this study, we investigate lower strategy using 
FLUKA code and the final results of its perfor-

Figure 1: A schematic layout of single scat-
terer with wobbler system.
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mance were compared with contoured double 
scatterres method, quantitatively. 

While protons leave the first scatterer, they 
are spread in a specific range of angles because 
of multiple coulomb scattering effect in inter-
action of charged particles with thin matters 
[23]. It should be noted that the spatial distri-
bution of protons are as Gaussian with specific 
Full Width at Half Maximum (FWHM) after 
crossing first scatterer.

The second scatterer of double scattering 
system (Figure 2, upper part) has been made 
by high Z (atomic number) metal, in 3D cone 
shape. Due to this shape, its scattering strength 
is variable and reduces from its central inner 
part toward its peripheral outer parts. There-
fore, various spatial Gaussian distributions of 

protons with different FWHMs are emerged 
after passing the second scatterer and the 
sum of total Gaussian distributions results 
flat beam with acceptable uniform treatment 
region to cover lateral side of target volume. 
It should be noted that the second scatterer 
at double scattering system has different ef-
fects on energy loss of protons due to its cone 
shape. The maximum energy loss will be hap-
pened for protons passing from the central 
past of second scatterer, where the thickness 
is maximum. In order to address this issue, an 
energy compensator with variable thickness-
es has located just before second scatterer to 
cause constant energy loss for all protons leav-
ing this system (Figure 2, upper panel). 

Dual ring double scatterer system (Figure 2, 

Figure 2: Schematic layout of contoured double scatterer (upper part) and dual ring double 
scatterer (lower part).
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lower panel) and the second scatterer include 
two inner and outer rings with different diam-
eters, made by heavy (high atomic number or 
Z) and light metals (low atomic number or Z), 
respectively. 

In this system, protons are firstly broadened 
after passing the first scatterer. While protons 
reach the second layer, they will broaden with 
different scattering degrees due to different 
thicknesses of this layer. For example, protons 
that are closer to the central beam axis scat-
ter remarkably because of crossing from the 
maximum thickness of the second scatterer. 
In contrast, protons that are far away from 
the central beam axis scatter fewer due to the 
reduction of the scatterer thickness at its pe-
ripheral part. Therefore, various 3D Gaussian 
functions represent protons spatial distribution 
behind the scattering system and the sum of 
these functions result proper 3D uniformity. 
Then the total spatial distributions of all cen-
tral and peripheral protons may cause flat 
beam with uniform treatment region.

From computational point of view, the flu-
ence at each point on measuring plate depends 
on a scatter event through the first scatterer to 
a point on the second scatterer and then an-
other scatter event from that point on the sec-
ond scatterer to a point on the measuring plate, 
integrated for all points on second scatterer.

Simulation setup
In this work, Monte Carlo FLUKA code has 

been used for simulating two scattering sys-
tems by considering all parameters during ge-
ometry and material definitions to mimic real 
condition. The FLUKA is a well-established 
validated code that has found various uses in 
different fields [25-30]. 

In our simulation, Lead metal was used 
as the first and second scatterers mate-
rial at both strategies due to its high density  
(11.34 gr/cm3) and Polymethyl methacrylate 
(PMMA) was used as compensator material 
because of its low density (1.19 gr/cm3) to at-
tenuate the protons energy without spreading 

them at double scattering strategy.
The thickness of the first scatterer and thick-

est part of the second scatterer are 1.25 mm and 
1.33 mm in contoured double scatterer system. 
In dual ring scattering system, the thickness of 
the inner (Lead) and outer (Aluminum) rings 
are 2.58 mm and 5.27 mm, respectively. The 
distance between the first and second scatter-
ers at both strategies are 100 mm which is a 
robust point and can save enough space for us-
ing other required passive devices (e.g. range 
shifter) between beam exit window and target. 
Taking into account protons as therapeutic 
beam, one of the main challenging issues is 
secondary neutrons produced due to interac-
tion of protons as incidence particles with all 
passive or active devices located in front of 
the proton beam and also inside patients body 
(at real treatment) or phantoms at research ac-
tivities. Since we are focusing on the perfor-
mance of scattering systems as an important 
instrument in proton beam, there is a need to 
consider secondary neutrons. For this aim and 
apart from flat beam generation assessment, 
FLUKA code is also utilized to measure pro-
duced neutrons due to protons interaction with 
both scattering systems components ranging 
from first scatterer to compensator and second 
scatterer.

Results
Figure 3 shows the Bragg peak profiles re-

sulted from 1) contoured double scattering 
(solid line) and dual ring double scattering sys-
tem (dashed line) inside water tank by simulat-
ing 80 MeV proton beam line. As seen, there is 
5 mm difference between two obtained depth 
dose profiles that is due to further energy loss 
of dual ring double scatterer versus contoured 
double scatterer system. It’s worth mentioning 
that the thickness of second scatterer at both 
scattering systems has non-negligible effect of 
the energy of proton particles that may shift 
the peak of Bragg curve to the left side.

It should be considered that the total thick-
nesses of first and second scatterers at con-
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toured double scattering and dual ring double 
scattering systems may cause 5 MeV and  
10 MeV energy loss (over 80 MeV as energy 
of protons), respectively. 

It should be noted that the Bragg peak curve 
obtained by simulation method has close cor-
relation with same curve obtained experimen-

tally using Imaging Plate at our last research 
work [22]. 

Figure 4 represents flat beam profile gener-
ated by dual ring double scatterer (solid line) 
in comparison with same result from double 
scatterer system (dashed line) by simulating 
80 MeV proton beam line or X axis. The di-
mensions of produced flat beam representing 
treatment region are 38 mm and 40 mm for 
double scatterer and dual ring double scatter-
ing systems, respectively. The same results 
have been achieved on Y axis. Moreover, the 
initial beam extracted from exit window of 
cyclotron machine has been considered as 3D 
Gaussian shape with FWHM same as real con-
dition, during simulation process.

As mentioned, scattered neutrons were pro-
duced while interacting proton beam with 
two scattering systems was considered in this 
work. At a glance, the produced neutrons at 
both systems are almost same, but total neu-
trons produced at dual ring double scatterer 
are approximately 10% larger than the same 
result produced during simulating contoured 
double scatterer. This is due to more interac-

Figure 4: Flat beam profiles generated by contoured double scatterer (Solid line) and dual ring 
double scatterer (Dashed line) 

Figure 3: Depth dose profiles of contoured 
double scatterer (Solid line) and dual ring 
double scatterer (Dashed line) 
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tion of protons happened at the matters of dual 
ring scatterer versus double scattering system.

Discussion
In recent years, proton therapy facilities 

have been increasingly considered for tumor 
treatment due to physical properties of protons 
energy loss inside matter or patient body. 

Several efforts have been working on differ-
ent strategies of beam delivery step on tumor 
volume ranging from passive dose to active 
dose delivery or spot scanning method. The 
latter case is mostly in research step and most 
clinics or proton therapy centers are using pas-
sive dose delivery strategy. 

In this method, the beam must be flattened at 
both lateral and longitudinal directions to cov-
er the tumor volume as 3D uniformly. There 
are several methods for flat beam generation 
in lateral direction ranging from wobbler sys-
tem in combination with single scatterer to 
double scattering system. It’s worth mention-
ing that particles interaction with thin foils or 
layers differ from thick matters and multiple 
coulomb scattering rules must be taken into 
account here in the performance of double 
scattering systems. 

Using wobbling system for flat beam gen-
eration has cost issue; moreover, enough space 
at target room is needed for installing verti-
cal as horizontal magnets. Due to this, double 
scatterer systems are more interesting and fea-
sible especially where the space is restricted at 
target room. In our last study, a simple double 
scatterer system was designed to make proper 
flattening according to lateral size of various 
tumors. 

This work that is in continue of our previous 
study is a simulation investigation on the per-
formance of dual ring double scatterer system 
as another strategy to be considered for imple-
mentation at CYRIC center, Tohoku Univer-
sity for generating flat beam profile. Thus, 
FLUKA simulation code was used to calcu-
late the proper material and dimension of all 
required devices at dual ring double scatterer 

construction. 
Final analyzed results show that dual ring 

scatterer is able to produce proper flat beam 
with reasonable treatment region to cover the 
tumors with each given lateral size (Figure 4). 

It should be noted that the produced treat-
ment region has reasonable uniformity ac-
cording to the definition of uniformity degree 
formula [21-22]. Moreover, the semi-penum-
bra of flat beam profile representing the pro-
tons with non-uniform 3D spatial distribution 
is stopped with proper collimators and only 
the protons with uniform spatial distributions 
are allowed to pass and penetrate to the pa-
tient body and irradiate target volume. Apart 
from advantages of double scatterers, this 
system has some challenging issues. Firstly, 
since there are two scatterers in this strategy, 
energy loss of protons in not negligible due to 
the considerable total thickness of dual scat-
tering systems. It also should be noted that the 
amount of energy loss is not constant for all 
crossed particles due to a) different thickness 
of second scatterer at double scattering system 
and b) different material and thickness of each 
ring mounted at dual ring double scatterer. In 
order to address this issue, energy compensa-
tor is coupled with second scatterer and shift 
the Bragg peak curve similarly for all proton 
particles.

As seen in Figure 3, there is a difference be-
tween Bragg peak curves (as 5 mm) by using 
two scattering systems. The amount of energy 
loss of protons at dual ring system is more 
than other systems since the total thickness of 
first and second scatterers at dual ring based 
method is more than the same value at con-
toured double scattering method. Moreover, 
since the number of protons interaction with 
matters inside dual ring is more than double 
scatterer, total number of produced neutrons is 
larger. This is due to the type of materials used 
in this system and dimension of scatterers. 
Since the produced neutrons may reach patient 
body, this drawback should be taken into ac-
count at treatment room. Future studies can in-
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clude an assessment on the source of neutrons 
and gamma produced at treatment rooms and 
from patient body. Moreover, the amount of 
these neutrons and the strategies to minimize 
the presence of neutrons may be valuable for 
investigation. Moreover, assessment of beam 
flattening on Carbon and Oxygen ions as new 
therapeutic beams can be done using the same 
strategy. It should be noted that two scattering 
systems are sensitive in alignment with beam 
central direction in comparison with wobbler 
system, while any tilting may cause non-uni-
form results.

Conclusion
This study simulates the performance of a 

dual ring double scattering system by means 
of FLUKA code. The optimum dimensions 
and materials of scatterers used in this system 
can generate 40 mm flat treatment region us-
ing proton beam. The final results were com-
pared with results obtained from contoured 
double scatterer in our last study and there was 
a close correlation between the performances 
of both systems. Moreover, the effect of sec-
ondary neutrons, produced due to protons in-
teraction with these systems was investigated, 
quantitatively.

Authors’ Contribution
The whole text of the article was written A.  

Esmaili Torshabi and the results and analysis were 
carried out by R. Ghasemkhani. All the authors 
read, modified, and approved the final version of 
the manuscript.

Ethical Approval
The achievements reported in this article are ob-

tained from Monte Carlo FLUKA simulation code, 
confirmed by Graduate University of Advanced 
Technology, Kerman, Iran.

Conflict of Interest
None

References
 1. Smith A. Proton therapy. Phys Med Biol. 

2006;51(13):R491-504. doi: 10.1088/0031-
9155/51/13/R26. PubMed PMID: 16790919.

 2. Bonnett DE. Current developments in pro-
ton therapy: a review. Phys Med Biol. 
1993;38(10):1371-92. doi: 10.1088/0031-
9155/38/10/001. PubMed PMID: 8248286.

 3. Liu H, Chang JY. Proton therapy in clinical 
practice. Chin J Cancer. 2011;30(5):315-26. 
doi: 10.5732/cjc.010.10529. PubMed PMID: 
21527064. PubMed PMCID: PMC4013396. 

 4. Tsujii H, Tsuji H, Inada T, Maruhashi A, Hayaka-
wa Y, Takada Y, Tada J, Fukumoto S, Tatuzaki 
H, Ohara K, et al. Clinical results of fraction-
ated proton therapy. Int J Radiat Oncol Biol 
Phys. 1993;25(1):49-60. doi: 10.1016/0360-
3016(93)90144-k. PubMed PMID: 8380147.

 5. Castro JR, Petti PL, Daftari IK, Collier JM, 
Renner T, Ludewigt B, et al. Clinical gain 
from improved beam delivery systems. Ra-
diat Environ Biophys. 1992;31(3):233-40. 
doi: 10.1007/BF01214830. PubMed PMID: 
1502331.

 6. Malicki J. The importance of accurate treatment 
planning, delivery, and dose verification. Rep 
Pract Oncol Radiother. 2012;17(2):63-5. doi: 
10.1016/j.rpor.2012.02.001. PubMed PMID: 
24377001. PubMed PMCID: PMC3863261.

 7. Risholm P, Balter J, Wells WM. Estimation of 
delivered dose in radiotherapy: the influence 
of registration uncertainty. Med Image Com-
put Comput Assist Interv. 2011;14(Pt 1):548-
55. doi: 10.1007/978-3-642-23623-5_69. 
PubMed PMID: 22003661. PubMed PMCID: 
PMC3265332.

 8. Chera BS, Jackson M, Mazur LM, Adams R, 
Chang S, Deschesne K, Cullip T, Marks LB. 
Improving quality of patient care by improv-
ing daily practice in radiation oncology. Se-
min Radiat Oncol. 2012;22(1):77-85. doi: 
10.1016/j.semradonc.2011.09.002. PubMed 
PMID: 22177881.

 9. Lomax A. Intensity modulation methods 
for proton radiotherapy. Phys Med Biol. 
1999;44(1):185-205. doi: 10.1088/0031-
9155/44/1/014. PubMed PMID: 10071883.

 10. Renner TR, Chu WT. Wobbler facil-
ity for biomedical experiments. Med Phys. 
1987;14(5):825-34. doi: 10.1118/1.596009. 
PubMed PMID: 3683312.

114



J Biomed Phys Eng 2023; 13(2)

 11. Kanai T, Kawachi K, Kumamoto Y, Ogawa H, Ya-
mada T, Matsuzawa H, Inada T. Spot scanning 
system for proton radiotherapy. Med Phys. 
1980;7(4):365-9. doi: 10.1118/1.594693. 
PubMed PMID: 6248752.

 12. Zhang X, Li Y, Pan X, Xiaoqiang L, Mohan 
R, Komaki R, et al. Intensity-modulated pro-
ton therapy reduces the dose to normal tissue 
compared with intensity-modulated radiation 
therapy or passive scattering proton therapy 
and enables individualized radical radiother-
apy for extensive stage IIIB non-small-cell 
lung cancer: a virtual clinical study. Int J Ra-
diat Oncol Biol Phys. 2010;77(2):357-66. doi: 
10.1016/j.ijrobp.2009.04.028. PubMed PMID: 
19660879. PubMed PMCID: PMC2868090.

 13. Chuong M, Badiyan SN, Yam M, Li Z, Lan-
gen K, Regine W, Morris C, et al. Pencil beam 
scanning versus passively scattered proton 
therapy for unresectable pancreatic cancer. 
J Gastrointest Oncol. 2018;9(4):687-93. doi: 
10.21037/jgo.2018.03.14. PubMed PMID: 
30151265. PubMed PMCID: PMC6087865.

 14. Kostjuchenko V, Nichiporov D, Luckjashin V. 
A compact ridge filter for spread out Bragg 
peak production in pulsed proton clini-
cal beams. Med Phys. 2001;28(7):1427-30. 
doi: 10.1118/1.1380433. PubMed PMID: 
11488574.

 15. Engelsman M, Lu HM, Herrup D, Bussiere 
M, Kooy HM. Commissioning a passive-
scattering proton therapy nozzle for accurate 
SOBP delivery. Med Phys. 2009;36(6):2172-
80. doi: 10.1118/1.3121489. PubMed PMID: 
19610306. PubMed PMCID: PMC2832065.

 16. Akagi T, Higashi A, Tsugami H, Sakamoto H, 
Masuda Y, Hishikawa Y. Ridge filter design 
for proton therapy at Hyogo Ion Beam Medical 
Center. Phys Med Biol. 2003;48(22):N301-12. 
doi: 10.1088/0031-9155/48/22/n01. PubMed 
PMID: 14680273.

 17. Grusell E, Montelius A, Brahme A, Rikner 
G, Russell K. A general solution to charged 
particle beam flattening using an optimized 
dual-scattering-foil technique, with applica-
tion to proton therapy beams. Phys Med Biol. 
1994;39(12):2201-16. doi: 10.1088/0031-
9155/39/12/005. PubMed PMID: 15551548.

 18. Koehler AM, Schneider RJ, Sisterson JM. Flat-

tening of proton dose distributions for large-
field radiotherapy. Med Phys. 1977;4(4):297-
301. doi: 10.1118/1.594317. PubMed PMID: 
407436.

 19. Takada Y. Dual-ring double scattering method 
for proton beam spreading. Japan J Appl Phys. 
1994;33:353-9. doi: 10.1143/JJAP.33.353.

 20. Terakawa A, Ishii K, Chiba T. Proton Therapy 
facilities at CYRIC. 16th Pacific Basin nuclear 
conference (16PBC); Aomori, Japan: Tohoku 
University; 2008. p. 13-8.

 21. Torshabi AE, Terakawa A, Ishii K, Yamazaki H, 
Matsuyama S, Kikuchi Y, et al. Development 
of an adjustable beam flattening system for 
modification of passive beam delivery tech-
nique in proton therapy. Nucl Inst and Meth 
in Phys Res A. 2010;615(1):138-41. doi: 
10.1016/j.nima.2009.12.087.

 22. Torshabi AE, Terkawa A, Ishii K. Yamazaki H, 
Matsuyama S, Kikuchi Y, et al. A Study on 
Beam Flattening Based on Compact Double 
Scatterer Applicable to Rotational Beam Ir-
radiation System in the Proton Therapy Fa-
cility at CYRIC; Tohoku University. Prog Nucl 
Sci Technol. 2011;1:509-12. doi: 10.15669/
pnst.1.509.

 23. Gottschalk B, Koehler AM, Schneider RJ, Sis-
terson JM, Wagner MS. Multiple coulomb 
scattering of 160 MeV protons. Nucl Inst and 
Meth in Phys Res B. 1993;74(4):467-90. doi: 
10.1016/0168-583X(93)95944-Z.

 24. Pérez-Andújar A, Newhauser WD, Deluca PM. 
Neutron production from beam-modifying de-
vices in a modern double scattering proton 
therapy beam delivery system. Phys Med Biol. 
2009;54(4):993-1008. doi: 10.1088/0031-
9155/54/4/012. PubMed PMID: 19147903. 
PubMed PMCID: PMC4136452.

 25. Lourenço A, Thomas R, Bouchard H, Kacperek 
A, Vondracek V, Royle G, Palmans H. Experi-
mental and Monte Carlo studies of fluence cor-
rections for graphite calorimetry in low- and 
high-energy clinical proton beams. Med Phys. 
2016;43(7):4122. doi: 10.1118/1.4951733. 
PubMed PMID: 27370132.

 26. Battistoni G, Bauer J, Boehlen TT, Cerutti F, 
Chin MP, et al. The FLUKA Code: An Accu-
rate Simulation Tool for Particle Therapy. 
Front Oncol. 2016;6:116. doi: 10.3389/

Assessing Dual Ring Beam Flattening Tool

115



J Biomed Phys Eng 2023; 13(2)

Ahmad Esmaili Torshabi, et al

fonc.2016.00116. PubMed PMID: 27242956. 
PubMed PMCID: PMC4863153.

 27. Guthoff M, de Boer W, Müller S. Simulation 
of beam induced lattice defects of diamond 
detectors using FLUKA. Nucl Inst and Meth in 
Phys Res A. 2014;735:223-8. doi: 10.1016/j.
nima.2013.08.083.

 28. Yalcin S, Gurler O, Kaynak G, Gundogdu O. 
Calculation of total counting efficiency of a 
NaI(Tl) detector by hybrid Monte-Carlo meth-
od for point and disk sources. Appl Radiat Isot. 
2007;65(10):1179-86. doi: 10.1016/j.aprad-
iso.2007.05.003. PubMed PMID: 17611113.

 29. Andersen V, Ballarini F, Battistoni G, Campan-
ella M, Carboni M, Cerutti F, et al. The FLUKA 
code for space applications: recent develop-
ments. Adv Space Res. 2004;34(6):1302-
10. doi: 10.1016/j.asr.2003.03.045. PubMed 
PMID: 15881773.

 30. Mairani A, Brons S, Cerutti F, Fassò A, Ferrari 
A, Krämer M, et al. The FLUKA Monte Carlo 
code coupled with the local effect model for 
biological calculations in carbon ion therapy. 
Phys Med Biol. 2010;55(15):4273-89. doi: 
10.1088/0031-9155/55/15/006. PubMed 
PMID: 20647603.

116


